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ABSTRACT
Throughout the epoch of reionization the most luminous Lyα emitters are capable of ionizing
their own local bubbles. The CR7 galaxy at z ≈ 6.6 stands out for its combination of excep-
tionally bright Lyα and He ii 1640 Å line emission but absence of metal lines. As a result CR7
may be the first viable candidate host of a young primordial starburst or direct collapse black
hole. High-resolution spectroscopy reveals a +160 km s−1 velocity offset between the Lyα and
He ii line peaks while the spatial extent of the Lyα emitting region is ∼ 16 kpc. The observ-
ables are indicative of an outflow signature produced by a strong central source. We present
one-dimensional radiation-hydrodynamics simulations incorporating accurate Lyα feedback
and ionizing radiation to investigate the nature of the CR7 source. We find that a Population III
star cluster with 105 K blackbody emission ionizes its environment too efficiently to generate
a significant velocity offset. However, a massive black hole with a nonthermal Compton-thick
spectrum is able to reproduce the Lyα signatures as a result of higher photon trapping and
longer potential lifetime. For both sources, Lyα radiation pressure turns out to be dynamically
important.
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1 INTRODUCTION
Before the formation of the first stars and galaxies the cold, expand-
ing Universe was in a state known as the cosmic dark ages. Even-
tually, gravitational instabilities seeded the growth of dark matter
minihaloes with typical mass Mh ∼ 105−7 M, hosting a gener-
ation of massive Population III (Pop III) stars with a primordial
gas composition. The first stars began the process of reionizing the
Universe. Over time several of these haloes merge to form atomic
cooling haloes with typical mass Mh ∼ 107−9M by z ∼ 10, corre-
sponding to the first bona fide galaxies (Bromm & Yoshida 2011;
Loeb & Furlanetto 2013). By this time star formation likely con-
sisted of both Pop III and metal enriched Pop II stars (Jeon et al.
2015), although in principle pockets of pristine gas could persist to
later redshifts (Pallottini et al. 2014; Ma et al. 2015). In addition to
chemical evolution, the first galaxies experienced significant radia-
tive and mechanical feedback (Pawlik et al. 2013). Understanding
the formation of the first galaxies and their subsequent evolution
provides important insights on the remainder of cosmic history and
the transition to present-day galaxies.
The high-z observational frontier is constrained by the abil-
ity of current infrared technologies to detect increasingly faint and
distant galaxies. However, the upgraded capabilities of the Hubble
Space Telescope (HST) in combination with large aperture ground-
based observatories has allowed deep broadband photometry and
spectroscopic confirmation of a number of galaxies at z > 6.5
? E-mail: asmith@astro.as.utexas.edu
(Bouwens et al. 2011; Finkelstein et al. 2013; Oesch et al. 2015;
Stark et al. 2015; Zitrin et al. 2015). As predicted by Partridge &
Peebles (1967), proto-galactic star formation would produce pow-
erful intrinsic Lyα luminosities, although the increasing neutral hy-
drogen fraction in the diffuse intergalactic medium (IGM) signif-
icantly suppresses Lyα transmission for sources at z > 6.5 (Dijk-
stra 2014; Mesinger et al. 2015). Still, galaxies with strong Lyα
emission are more likely to be detected with substantial outflows or
clustered within locally ionized bubbles and web-like morpholo-
gies (Jensen et al. 2013; Kakiichi et al. 2015; Smith et al. 2015).
Despite attenuation from the neutral IGM one might hope to infer
properties of the emission source, galaxy, and IGM based on the al-
tered Lyα line profile, physical size of the Lyα emitting region, con-
tinuum spectral energy distribution (SED), and relative strength of
Lyα, Hα, and He ii 1640 Å nebular emission lines (Schaerer 2002;
Johnson et al. 2009; Pawlik et al. 2011).
Recent follow-up observations of the Lyα emitter “CR7”
(COSMOS redshift 7) at z = 6.6 by Sobral et al. (2015) confirmed
the presence of strong He ii emission with no detection of metal
lines from the UV to the near infrared (see also Matthee et al. 2015).
As the most luminous Lyα emitter at z > 6, the CR7 source may
be the first detection of a massive (& 107 M) Pop III star clus-
ter. Deep HST imaging reveals three clumps (A, B, and C) in close
proximity (∼ 5 kpc). Component A dominates the rest-frame UV
and is also coincident with both the He ii emission and the centre
of the Lyα emitting region. Clumps B and C are much redder and
likely dominate the mass of the system. Because a normal stellar
population fails to reproduce the excess Lyα and He ii luminosities,
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Sobral et al. (2015) suggest a composite spectrum in which clump
A is fit by a pure Pop III SED and clumps B+C are comprised of
enriched populations. If CR7 does indeed host a Pop III star clus-
ter with a top-heavy initial mass function (IMF) then we are likely
viewing a rare starburst with an age of less than a few Myr (Pallot-
tini et al. 2015; Hartwig et al. 2015; Visbal et al. 2016).
On the other hand, the Lyα emission from CR7 may also be
due to accretion onto a (∼ 105−6 M) black hole. At this redshift
the black hole growth time would have been limited to perhaps
. 500 Myr providing a strong case for so-called “direct collapse”
black holes (DCBHs) (Bromm & Loeb 2003), especially given the
existence of supermassive black holes (SMBHs) of a few billion so-
lar masses observed in z > 6 quasars (Fan et al. 2006). The DCBH
formation scenario is explored in detail for the CR7 Lyα emitter
with the models of Pallottini et al. (2015), Agarwal et al. (2015),
and Smidt et al. (2016). Furthermore, Hartwig et al. (2015) use
merger tree models to statistically argue against a Pop III starburst
explanation based on their short lifetimes and earlier metal enrich-
ment. Either way, the CR7 enigma is that a massive system was
able to maintain a low-metallicity environment down to z = 6.6.
However, under optimistic assumptions a DCBH is a likely out-
come for pristine haloes exposed to strong Lyman-Werner radia-
tion (Hartwig et al. 2015). Despite the theoretical uncertainties re-
garding its nature, the CR7 source has tantalizing significance as it
opens up additional possibilities for direct observational constraints
on first galaxy and quasar formation.
The remainder of this paper is devoted to a discussion of Lyα
radiative transfer and radiation pressure in the context of the CR7
source. Stellar feedback has been observed to drive molecular gas
outflows in the SDSS J0905+57 (redshift z = 0.712) compact star-
burst galaxy (Geach et al. 2014), and we expect a similar mecha-
nism to operate for Lyα radiation pressure in high-z, low metallic-
ity environments (Dijkstra & Loeb 2008, 2009). For a discussion of
Lyα feedback in a more general context see Smith et al. (2016). In
the case of the CR7 Lyα emitter, high-resolution spectroscopy has
revealed a +160 km s−1 velocity offset between the Lyα and He ii
line peaks, which is indicative of an outflow signature and/or Lyα
scattering in the IGM (Sobral et al. 2015). A redshifted Lyα line is
common in Lyman-α emitting galaxies at z . 3 (Steidel et al. 2010;
Erb et al. 2014; Hashimoto et al. 2015; Yang et al. 2016), nonethe-
less it is particularly interesting to consider Lyα radiation pressure
assisted outflows in the context of CR7. An additional constraint
from CR7 (clump A) is the spatial extent of the Lyα emitting region
(∼ 16 kpc physical). We therefore examine the effect of radiative
feedback on these Lyα observables, including Lyα photon trapping
and ionizing radiation. In Section 2 we introduce our simulation
model and methodology. In Section 3 we present the radiation hy-
drodynamics and Lyα radiative transfer results. Finally, in Section 4
we provide a summary and conlusions.
2 MODELING THE CR7 SYSTEM
2.1 Basic observational properties
The luminous Lyα emitter CR7 at z ≈ 6.604+0.001−0.003 stands out for
its exceptional Lyα and He ii 1640 Å line emission but absence
of metal lines. High-resolution spectroscopy reveals a narrow Lyα
line with a FWHM width of 266±15 km s−1 and luminosity of
Lα > 8.32 × 1043 erg s−1. This is a lower limit because a significant
fraction of the Lyα photons could have been ‘eliminated’ from the
line of sight due to radiative transfer effects within the galaxy, ab-
sorption by dust, anisotropic escape, and scattering by residual H i
in the IGM. The He ii 1640 Å line emission on the other hand is free
from these complications, therefore we assume the observed lumi-
nosity of LHe ii = 1.95×1043 erg s−1 accounts for the entire emission.
This implies a line ratio of He ii/Lyα . 0.22 and an ionizing flux
ratio of Q(He+)/Q(H) . 0.42, corresponding to a hard blackbody
spectrum with effective temperature Teff > 100 kK (Bromm et al.
2001; Schaerer 2002).
The observed CR7 properties provide a strong case for either a
young primordial starburst or direct collapse black hole. Given that
the halo mass of clump A is Mh,A ≈ 3 × 1010 M and the baryonic
mass is Mgas,A . 5 × 109 M it is not impossible for a massive
(& 107 M) Pop III star cluster to produce the observed He ii emis-
sion, although this is pushing standard star formation theory to the
extreme. In comparison, Pop II stars fall short by many orders of
magnitude (Hartwig et al. 2015). Furthermore, the nondetection of
metal lines strongly suggests that supernova feedback is not present
in CR7. The relatively narrow Lyα line eliminates the possibility
of Wolf-Rayet stars and active galactic nuclei (AGN) as the Lyα
source as they produce broader lines with FWHM & 103 km s−1
(Brinchmann et al. 2008). The proposal that CR7 is powered by
a DCBH does not necessarily imply a similarly broad Lyα line.
Quasar lines originate from the broad line region (BLR) near the
vicinity of the black hole, which is made of small gas clouds each
contributing a narrow portion of the broad line according to its line-
of-sight velocity. The narrow line could be due to recombinations
and resonant scattering not associated with a fully developed BLR,
or to narrowing during transmission through the IGM.
The +160 km s−1 velocity offset between the Lyα and He ii
line peaks is most likely caused by an outflow within clump A.
It is important to consider the uncertainty on the velocity offset,
which is associated with the measured Lyα line width, the redshift
estimates, and the spectral resolution. Although the line is broader
than the offset it is sharply peaked so the FWHM greatly overes-
timates the uncertainty. The redshift confidence range σz ≈ 0.001
implies a potential redshift uncertainty of at least σ∆v,z ≈ cσz/(1 +
z) ≈ 40 km s−1. The spectral resolution of DEIMOS/Keck was
0.65 Å pix−1, which corresponds to an uncertainty of σ∆v,Keck ≈
c∆λ/[λα(1 + z)] ≈ 21.1 km s−1. The NIR observations with X-
SHOOTER/VLT had a resolution of R ∼ 5300, corresponding to
σ∆v,VLT ≈ c/R ≈ 56.6 km s−1 (Sobral et al. 2015). The spatial ex-
tent of the Lyα emitting region is concentrated well within the virial
radius of rvir,A ≈ 13.3 kpc. If the offset was caused by scattering in
the IGM the Lyα halo would be much more extended (Loeb & Ry-
bicki 1999). Resonant scattering in a uniform static sphere requires
an optical depth at line centre of τ0 ≈ 5×106 T−14 [∆v/(160 km s−1)]3
to produce the necessary offset, where we have normalized the gas
temperature according to T4 ≡ T/(104 K), see the discussion fol-
lowing equation (34) in Smith et al. (2015). Assuming an approxi-
mately isothermal density profile, clump A would have τ0 & 1011 if
it remained neutral. Therefore, the effective optical depth must be
reduced by a significant velocity gradient and ionization fraction. In
this low-metallicity environment the possible outflow mechanisms
are hydrodynamical gas pressure, ionizing radiation pressure, and
Lyα radiation pressure. We therefore simulate each of these self-
consistently in order to determine the effect on the key observables.
2.2 Numerical methodology
The simulations in this paper employ the Lyα radiation hydro-
dynamics (RHD) methods described and tested in Smith et al.
(2016), which we briefly review now. For computational efficiency
MNRAS 000, 1–9 (2016)
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and model simplicity we focus on spherically symmetric profiles
for this paper. Therefore, we solve the RHD equations in the La-
grangian framework with derivatives denoted by the uppercase dif-
ferential operator D(•)/Dt ≡ ∂(•)/∂t + v · ∇(•). The equations for
conservation of mass, momentum, and total energy with terms ac-
curate to second order in (v/c) are
Dρ
Dt
+ ρ∇ · v = 0 , (1)
Dv
Dt
+
∇P
ρ
= −∇Φ + aα + aγ , (2)
D
Dt
+ P
D(1/ρ)
Dt
=
Γ − Λ
ρ
, (3)
where ρ is the density, v the velocity, P the pressure, and  is
specific internal energy. Our spherically symmetric hydrodynam-
ics solver is based on the von Neumann-Richtmyer staggered mesh
scheme described in von Neumann & Richtmyer (1950), Mezza-
cappa & Bruenn (1993), and Castor (2004). This has the advantage
of adaptive resolution, allowing the grid to follow the motion of
the gas. Artificial viscosity is included in order to damp numerical
oscillations near shocks. Finally, we assume an ideal gas equation
of state so the pressure is specified by P = (γad − 1)ρ, where in
primordial gas we use an adiabatic index of γad = 5/3.
The source terms are related to the gravitational potential Φ,
acceleration due to Lyα photons aα, acceleration from ionizing ra-
diation aγ, and volumetric photoionization heating minus radia-
tive cooling rates, Γ − Λ. In our model the gravitational acceler-
ation includes gas, dark matter, and dark energy components as
agrav = −∇Φ = −GM<r rˆ/r2 + H20ΩΛr, where M<r is the enclosed
mass, H0 is the Hubble constant, and ΩΛ is the dark energy density
in units of the present-day critical density. The dark energy com-
ponent has a negligible effect at these redshifts but is included for
completeness. Thus, we adopt physical units for cosmological sim-
ulations and directly account for Hubble flow via the initial velocity
field. The Lyα radiation pressure is accurately calculated with the
Cosmic Lyα Transfer code (COLT) according to the Monte-Carlo
implementation described in Smith et al. (2015, 2016).
Because the ionization state of the gas can greatly affect Lyα
radiative transfer we also self-consistently simulate ionizing radia-
tion. We solve the time-dependent transfer equation in an explicitly
photon-conserving manner in order to accurately follow the evolu-
tion of the ionization front (Abel et al. 1999). Following Pawlik &
Schaye (2011) and Jeon et al. (2014) we collect the photons into
three bands according to the ionization energies of H i, He i, and
He ii, or 13.6 eV, 24.6 eV, and 54.4 eV, respectively. Absorption
and heating are treated in the grey approximation using the source
intensity to compute the photon emission rates N˙ion,i as well as ex-
pectation values for photoionization cross-sections 〈σx〉i and en-
ergy transfer per ionizing photon 〈εx〉i, where the subscript i ∈ {1,
2, 3} denotes the particular band and the subscript x ∈ {H i, He i,
He ii} denotes the species. These quantities completely describe the
central source of ionizing radiation in our models. Finally, we also
solve the rate equations for a primordial chemistry network consist-
ing of H, H+, He, He+, He++, and e− (Bromm et al. 2002). Reactions
affecting these abundances include photoionization, collisional ion-
ization, and recombination while cooling mechanisms also include
collisional excitation, bremsstrahlung, and inverse Compton cool-
ing (Cen 1992). As photoionization can rapidly affect the chemical
and thermal state of the gas we employ timestep sub-cycling to ac-
curately follow the evolution.
For the initial simulation setup we adopt an idealized model
galaxy with the observed properties of the CR7 system. For sim-
plicity we assume an NFW dark matter halo profile and thereby
calculate the dark matter gravitational contribution analytically.
Specifically, the dark matter density is ρDM(r) = ρDM,0R3S/[r(RS +
r)2] with a concentration parameter of cNFW ≡ Rvir/RS ≈ 5, where
Rvir is the virial radius and RS is the scale radius. The gas follows an
isothermal density profile with ρ(r) = ρvir(r/Rvir)−2 until it reaches
the background IGM density ρIGM(z). The galactic gas starts off
cold and neutral, with an initial temperature set by the cosmic mi-
crowave background at T = 2.725 K (1+ z). The exact value makes
little difference as the gas quickly becomes hot and ionized within
the growing H ii region. The simulation begins at redshift z = 6.6
and continues for 10 − 100 Myr.
2.3 Possible sources
The delayed Pop III starburst and massive black hole (MBH) sce-
narios are characterized by central emission with different source
parameters. Each model is normalized to match the He ii emission
rate which we calculate to be N˙He ii ≈ 3.44 × 1054 s−1 (Bromm
et al. 2001; Schaerer 2002). The specific source parameters for each
model considered in this paper are presented in Table 1. The fidu-
cial Pop III case is calculated from a blackbody spectrum with ef-
fective temperature Teff = 100 kK. We also consider modified sce-
narios in which (i) the Lyα luminosity is boosted by an order of
magnitude and (ii) the ionizing emission rates are reduced by an
order of magnitude as a crude approximation for continuum leak-
age within a one-dimensional setting. The ∼ 105 M black hole
case is based on the popular DCBH formation model, although our
use of the MBH acronym allows for other formation scenarios. We
model the MBH according to the nonthermal Compton-thick spec-
trum presented by Pacucci et al. (2015). Specifically, we use the
supplemental data provided by the authors to calculate typical ion-
ization rates for their low-density profile, standard accretion sce-
nario at . 75 Myr. The Pop III and MBH SEDs differ significantly,
which is apparent by comparing the photon emission rates, pho-
toionization cross-sections, and energy transfer per ionizing photon
in Table 1. The Compton-thick MBH environment reprocesses the
broadband spectrum such that only X-ray and non-ionizing photons
remain. Note, for simplicity we model the cascade of multiple ion-
ization and heating events experienced by the X-ray photons with
a ‘one-shot’ approximation, where all the energy is transferred in a
single scattering (e.g. Shull & van Steenberg 1985).
The ionizing photons are responsible for heating the gas
within the galaxy and thereby produce a high-velocity shock. The
Strömgren radius for such a strong source surrounded by the neu-
tral IGM with a background density of nH i|z=6.6 ≈ 4.3 × 10−4 cm−3,
Case B recombination coefficient aB ≈ 2.59 × 10−13cm3s−1, and
rate of ionizing photons N˙ion ≈ 5 × 1054 s−1 is of order rS ≈
[3N˙ion/(4pin2H iαB)]
1/3 ∼ 1 Mpc. Therefore, the CR7 source is capa-
ble of ionizing its own local super bubble. Furthermore, the ioniza-
tion parameters and resultant state of the gas has a strong impact on
the emergent Lyα spectra. The modifications to our fiducial models
are designed to explore the impact of source parameters and gain
additional physical insight.
3 SIMULATION RESULTS
3.1 Outflow Structure
Soon after the central source turns on the gas within the galaxy
becomes hot and ionized. Eventually a dense shell forms in hy-
MNRAS 000, 1–9 (2016)
4 A. Smith et al.
Table 1. Summary of the source parameters for the Pop III and black hole
models. The ‘boost’ and ‘leak’ modifications respectively increase the Lyα
luminosity or reduce the ionizing photon rate. The Lyα luminosity is taken
to be Lα = 0.68hνα(1 − f ionesc )N˙ion where hνα = 10.2 eV, f ionesc is the escape
fraction of ionizing photons, and N˙ion =
∑
N˙ion,i.
Model Pop III Black Hole Boost Leak
Lα [erg s−1] 6.53 × 1044 3.82 × 1043 × 10 –
N˙ion,1 [s−1] 2.63 × 1055 0 – ÷ 10
N˙ion,2 [s−1] 2.90 × 1055 0 – ÷ 10
N˙ion,3 [s−1] 3.44 × 1054 3.44 × 1054 – ÷ 10
N˙ion [s−1] 5.88 × 1055 3.44 × 1054 – ÷ 10
〈σH i〉1 [cm2] 3.00 × 10−18 0 – –
〈σH i〉2 [cm2] 5.69 × 10−19 0 – –
〈σH i〉3 [cm2] 7.88 × 10−20 2.61 × 10−23 – –
〈σHe i〉2 [cm2] 4.67 × 10−18 0 – –
〈σHe i〉3 [cm2] 1.48 × 10−18 7.42 × 10−21 – –
〈σHe ii〉3 [cm2] 1.05 × 10−18 5.66 × 10−22 – –
〈εH i〉1 [eV] 3.85 0 – –
〈εH i〉2 [eV] 17.5 0 – –
〈εH i〉3 [eV] 48.4 579 – –
〈εHe i〉2 [eV] 8.01 0 – –
〈εHe i〉3 [eV] 38.5 728 – –
〈εHe ii〉3 [eV] 7.89 550 – –
drodynamical response and expands in accordance with conserva-
tion of momentum. If we assume the shell continually accumulates
mass as it sweeps outward into an isothermal density profile then
the mass grows with radius as m(r) = 4pi
∫ r
0
ρ(r′)r′2dr′ ∝ r. We
may extend the analysis by considering power-law profiles with
m(r) = m0(r/r0)β where β ∈ (0, 1) and the subscript 0 denotes a
specified moment in time. Therefore, momentum conservation dic-
tates that
d(mv)
dt
=
d
dt
m0 ( rr0
)β
r˙
 = F(t) , (4)
where F(t) is the force on the shell. Examples of the force contribu-
tions are from Lyα photons ∼ Lα/c, gravity ∼ Gm(r)M(< r)/r2 ∝
rβ−1, and gas pressure ∼ 4pir2ρc2s where cs is the sound speed. In the
case that these forces vary slowly in time or are small compared to
the initial kick, Equation (4) admits the following power-law solu-
tion for the shell’s motion:
f ≡ 1 + (1 + β) (t − t0)
r0
(
v0 +
a0
2
(t − t0)
)
,
r(t) = r0 f
1
1+β and v(t) = [v0 + a0(t − t0)] f
−β
1+β , (5)
where at time t0 the radius, velocity, and acceleration are respec-
tively r0, v0, and a0. Equation (5) provides a reasonable description
of the evolution at late times, despite the apparent breakdown in
the validity of our assumptions early on. The radial expansion of
the shells in each of the simulation models is shown in Fig. 1. The
shell maintains a vsh & 100 km s−1 outflow throughout the simula-
tion. We also show that Lyα radiation pressure significantly impacts
the shell velocity, which is evident in comparison to simulations
without Lyα coupling included. Furthermore, as expected, the Lyα
feedback is noticeably more effective in the models with a boost in
Lyα luminosity or an ionizing continuum leakage.
Similarly, we present radial profiles of the gas number density
and velocity at various stages throughout the MBH simulation in
Fig. 2. The evolution of the shell outflow is qualitatively similar in
each of the models with slight differences in shape. At late times,
e.g. as reflected in the 60 Myr curve, the sharp shock features natu-
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Figure 1. Radial position rsh and velocity vsh of the expanding shell for each
model. The Pop III and MBH models are shown by the solid black and red
curves, while the Boost and Leak modifications are denoted by dashed and
dotted curves of the corresponding color. The grey dash-dotted curves are
fits using Equation (5), only provided for the Boost models to avoid over-
crowding the figure. For reference, β = 0.26 (0.15) for the Pop III (MBH)
Boost case. The thin curves represent simulations without Lyα coupling,
demonstrating that Lyα radiation pressure is dynamically important. The
radius was selected based on the peak number density within the shell.
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Figure 2. Evolution of the gas number density n and velocity v for t =
{1, 2, 3, 5, 8.5, 20, 60}Myr for the MBH model. The dotted curves are from
a higher resolution simulation while the dashed curves are from a lower
resolution simulation. The shell outflow structure is the predominant feature
throughout the hydrodynamical simulation. The other models also exhibit
qualitatively similar radial profiles.
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Figure 3. Radial profile of the acceleration due to Lyα photons aα, gas
pressure aP, ionizing radiation aγ, and gravity agrav (dark matter + baryons).
Both the Pop III (upper) and MBH (lower) models are shown 3 Myr into
the simulation. Lyα trapping can be quite significant. We note that aP < 0
inside the shell due to a negative pressure gradient (shown as dashed lines).
rally dissipate as it continues to propagate into lower density gas. In
Fig. 3 we consider the radial acceleration due to Lyα photons, gas
pressure, ionizing radiation, and gravity (dark matter + baryons).
The relative importance of Lyα feedback and hydrodynamical pres-
sure is inverted between the Pop III and MBH cases. In the massive
black hole case Lyα radiation undergoes significant trapping within
the shell and Lyα feedback is dominant within the shell. However,
due to resonant scattering in expanding media the photons emerge
redward of line centre and therefore the Lyα force is reduced. One
of the predominant features in both models is that the gas pressure
is strongly peaked at the expanding shell front. Finally, ionizing
momentum transfer roughly traces the neutral gas density and is
therefore dynamically unimportant once the gas is ionized.
3.2 Velocity offset
We now consider whether the models self-consistently reproduce
the velocity offset observed between the Lyα and He ii lines. Fig-
ure 4 shows the typical Lyα line flux for the Pop III and MBH
models from early to late times of 0.5 Myr, 3 Myr, and 8 Myr. Al-
though each simulation environment is highly ionized by this time
the two sources yield vastly different spectral profiles. This may be
understood in terms of the residual H i within the expanding shell.
As seen from Table 1, the Pop III source has a much higher hydro-
gen effective ionization cross-section than the black hole emission.
In fact, the degree of ionization is such that Lyα photons emerge
without a significant systemic velocity offset. On the other hand,
the ionizing radiation in the MBH model leaves sufficient H i so that
Lyα resonant scattering becomes coupled to the outflow. Therefore,
the observed velocity offset provides a powerful hint into the nature
of CR7 and provides an argument against a 105 K blackbody radi-
ation source as might be produced from Pop III stars. In Figure 5
we show the time evolution of the velocity offset for the red peak of
the intrinsic line-of-sight flux, which is fairly constant throughout
the simulations demonstrating the robustness of these models.
We use the frequency dependent transmission curve of
Laursen et al. (2011) to account for subsequent scattering of Lyα
photons out of the line of sight. Specifically, we use their “bench-
mark” Model 1 curve at z ≈ 6.5 as described in relation to their
figures 2 and 3. The curve is a statistical average of a large num-
ber of sightlines (& 103) cast from several hundreds of galaxies
through a simulated cosmological volume. Any IGM model should
be considered in the context of statistical variations depending on
the particular galaxy and sightline. However, for concreteness we
multiply their average IGM transmission curve with our intrinsic
Lyα spectra when discussing the CR7 observables for the Laursen
et al. (2011) model.
Our second treatment of transmission through the IGM repre-
sents a plausible reprocessing of the spectrum based on the analytic
prescription of Madau & Rees (2000). Lyα photons are removed
from the line of sight flux according to their likelihood of undergo-
ing even a single scattering event. In an Einstein-de Sitter universe
with a uniform, neutral IGM the optical depth of the red damping
wing of the Gunn-Peterson (GP) trough is
τredGP =
τ0(z)
piR−1α
(
1 − ∆v
c
)3/2 ∫ xH ii
xre
dx x9/2
(1 − x)2 + R2αx6
, (6)
where Rα ≡ Λαλα/(4pic) ≈ 2× 10−8, the optical depth at line centre
is τ0(z) ≈ 5×105 [(1 + z)/7.7]3/2, and the dimensionless parameters
are given by xi = (1−∆v/c)(1+ zi)/(1+ z). The limits of integration
are set by a cutoff at the reionization redshift zre ≈ 6 and the size
of the ionized bubble around the source via zH ii corresponding to
a physical radius of rH ii ≈ 500 kpc. Calculations of Lyα observ-
ables are based on the intrinsic line of sight flux attenuated by this
approximate transmission through the IGM, i.e. Fλ,obs ≡ Fλe−τIGM .
As illustrated in Fig. 4 the observed luminosity may be reduced
substantially with a ratio of L/Lobs ≈ 46 and ≈ 1.6 for the Pop III
and MBH cases, respectively, under the Laursen et al. (2011) IGM
model. For the τredGP IGM model the ratio is L/Lobs ≈ 7.7 and ≈ 4.7
for the Pop III and MBH cases.
3.3 Spatial extent
An additional observational constraint from CR7 is the ∼ 16 kpc
spatial extent of the Lyα emitting region. To examine this we show
the evolution of the radial Lyα surface brightness profile in Fig. 6
for the Pop III and MBH models. As the shell expands the cen-
tral intensity is reduced while the outer intensity increases. The
drop in brightness at the shell front is much sharper in the black
hole model than the Pop III case due to the more efficient Lyα
trapping. The observed surface brightness reflects the estimated
transmission through the IGM based on the models of Laursen
et al. (2011) and that of Equation (6). Photons that scatter to-
ward an observer at larger radii are typically closer to line centre
and therefore suffer greater absorption. Specifically, for the MBH
model we find an intrinsic to observed ratio of S Br/S Br,obs ≈
{1.2, 2, 7, 20} at r ≈ {0.05, 1, 10, 20} kpc, respectively, under the
Laursen et al. (2011) IGM model. For the τredGP IGM model the ratio
is S Br/S Br,obs ≈ {4, 6.5, 7.5} at r ≈ {0.05, 1, 20} kpc, respectively.
Complementary to the radial surface brightness profile is the
spectral line intensity as would be observed along a slit in the ra-
dial direction. Figure 7 illustrates such a measurement for the MBH
model at simulation times of 3 Myr and 60 Myr. The images have
been corrected for IGM transmission and show the relative impor-
tance of the red peak compared to the blue peak which is visible
due to the logarithmic scaling. This perspective also demonstrates
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Figure 4. Observed line-of-sight flux as a function of Doppler velocity
∆v = c∆λ/λ for the Pop III and MBH models. The grey curves are intrinsic
profiles while the black and red curves represent a plausible reprocessing
due to scattering in the IGM based on the model from Laursen et al. (2011)
and τredGP from Equ. (6), respectively. These are shown for early to late times
of 0.5 Myr (dotted), 3 Myr (solid), and 8 Myr (dashed). The observed veloc-
ity offset of +160 km s−1 (vertical line) is roughly reproduced in the MBH
case but not in the Pop III model. The uncertainty due to DEIMOS/Keck
and X-SHOOTER/VLT spectral resolution is illustrated by the grey vertical
regions (see Section 2.1 for additional details).
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Figure 5. The time evolution of the velocity offset for the red peak of the
intrinsic line-of-sight flux. The Pop III and MBH models are shown by
the solid black and red curves, while the Boost modification is denoted by
dashed curves of the corresponding color. The location of the offset is fairly
constant throughout the simulations.
a slight decrease in the velocity offset at larger radii which is ex-
plained by the resonant scattering bias to return to line-centre. The
primary difference between the early and late times is the radius
of the shell front which by 60 Myr has advanced to ∼ 4 kpc and
∼ 8 kpc in the MBH and MBH Boost models, respectively. At later
times the velocity offset decreases, possibly as a result of the lower
shell velocity and a more diffuse Lyα trapping environment. Still,
all of the aforementioned Lyα features persist in simulations carried
out to 120 Myr. If the shell radius is indicative of the Lyα emitting
region then even at vsh ∼ 100 km s−1 it would take at least 50 Myr
to achieve a size of ∼ 10 kpc in diameter. Although our models al-
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Figure 6. Evolution of the radial surface brightness profile for the Pop III
and MBH models at t = {1, 2, 3, 5, 8.5, 60} Myr. The late dashed curve
is from a simulation with lower spatial resolution. For the intrinsic grey
curves the region is more uniform and extended in the Pop III case while
the MBH emission more closely follows the shell expansion as a result of
increased Lyα trapping. The black and red curves are corrected for trans-
mission through the IGM based on the model from Laursen et al. (2011)
and τredGP from Equ. (6), respectively. After scattering in the IGM the Pop III
model appears much more compact whereas the MBH model remains spa-
tially extended.
low vsh to be a few times larger, we nonetheless find it less probable
that the CR7 source is significantly younger than this. Again, such
long source durations can more easily be explained within a MBH
scenario than a Pop III starburst.
3.4 Caveats
We now discuss the limitations of our simulations and their poten-
tial impact on the above results. Uncertainties in the galaxy model
parameters and initial conditions may produce slightly different ob-
servables. For example, normalizing the black hole flux to the ob-
served He ii emission leads to a much lower Lyα luminosity. For
this reason we have explored the “Boost” and “Leak” models to
determine the impact of extra Lyα emission or less ionizing ra-
diation. We also modeled the photon emission as a central point
source. While the Pop III starburst is initially centrally dominated,
it is highly unlikely to remain so as star formation proceeds. How-
ever, similar to Dijkstra & Loeb (2008) we expect our final results
are not particularly sensitive to the choice for the radial Lyα photon
emission.
Another issue is that of numerical resolution. At a halo mass
of Mvir ≈ 3 × 1010 M we achieve Lagrangian mass elements of
≈ 6.6× 105 M which at various times corresponds to ≈ 0.1− 2 pc
resolution at the shell front. Improving the resolution by a factor
of ≈ 5 produces very similar results except at the earliest times or
innermost radii. Higher resolution leads to slightly faster initial ve-
locities because higher densities allow for more efficient radiation
coupling. However, the computational cost may change dramati-
cally based on the number of timesteps with MCRT calculations
and the convergence criteria. To be safe we require that between
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Figure 7. The spectral line intensity as a function of radius for the MBH
model at early (t = 3 Myr) and late (t = 60 Myr) times. In the ensuing
time the shell radius has expanded from rsh ≈ 0.5 kpc to rsh ≈ 4 kpc,
which makes a visible difference in the extent of the Lyα emitting region.
The images are corrected for transmission through the IGM where the upper
and lower panels are based on the model from Laursen et al. (2011) and τredGP
from Equ. (6), respectively.
batches of ≈ 1600 photons the Lyα force has a . 1 per cent relative
change in & 99 per cent of the cells.
Furthermore, distinguishing effects due to radiative transfer
within the galaxy and in the IGM can be difficult to disentangle.
We have used two IGM transmission models based on cosmologi-
cal simulations and a simple analytic treatment. Still, the true Lyα
transmission could deviate from each of these. See Dijkstra (2014)
for a review containing a detailed discussion and related references.
An important consequence of some IGM models is that the ob-
served velocity offset could be mimicked by a broad spectrum or
a static double-peaked spectrum in which the flux blueward of the
observed +160 km s−1 offset is suppressed by inflow into the poten-
tial well (Loeb & Eisenstein 1995; Barkana & Loeb 2003). Future
observations could potentially distinguish between these scenarios.
We also note that the input spectrum impacts other Lyα ob-
servables. For example, in Fig. 4 the emergent spectra have FWHM
at 0.5 Myr, 3 Myr, and 8 Myr of respectively ≈ 60 km s−1,
70 km s−1, and 50 km s−1 for the Pop III model and ≈ 180 km s−1,
100 km s−1, and 60 km s−1 for the MBH model. All of these val-
ues are significantly narrower than the observed 266±15 km s−1
FWHM of the Lyα line. This indicates that the width is dom-
inated by unresolved turbulence and three-dimensional radiative
transfer effects. As a rough estimate we assume FWHM ∝ veff ≈
(c2s +v
2
turb)
1/2 ≈ cs(1+Ma2)1/2 ≈ csMa, where Ma is the Mach num-
ber. A comparison with the calculated FWHM implies Ma ≈ 2− 5,
which is reasonable but not incorporated into our simulations.
We may also compare our results with the observed line ratio of
He ii/Lyα ≈ 0.22. At 3 Myr with the Laursen et al. (2011) (τredGP)
IGM transmission we find He ii/Lyα ≈ 3.36 (0.37) for the Pop III
model and He ii/Lyα ≈ 0.41 (1.4) for the MBH model. All of these
are high by a factor of & 2, which is difficult to account for in the
Pop III case but the MBH case may allow for more Lyα photons
than inferred by the Compton-thick spectrum. The ‘boost’ modi-
fication explores the effect of an order of magnitude overcorrec-
tion to this ratio. Finally, this ratio is also sensitive to the statis-
tical uncertainty in IGM modeling. We also note that several ef-
fects might diminish Lyα radiation in high-density environments
(Neufeld 1990). Recently, Dijkstra et al. (2016) argued that colli-
sional de-excitation plays an important role for Lyα signatures of
DCBHs. Our simulations do not resolve such high densities but
these effects could be incorporated into the input spectrum, e.g.
with a broader Lyα line. Although the He ii/Lyα line ratio is af-
fected, we do not expect significant changes to the Lyα spectral
profile or surface brightness profile.
Perhaps the most important caveat is that although we accu-
rately incorporate Lyα trapping, ionizing radiation, chemistry, and
cooling into our hydrodynamical study we have done so in spheri-
cal symmetry. The one-dimensional approximation provides signif-
icant insight into the CR7 source. However, three-dimensional ef-
fects are likely to be important. For example, geometric effects such
as gas clumping, rotation, filamentary structure, and anisotropic
emission from the source often lead to anisotropic escape, pho-
ton leakage, or otherwise altered dynamical impact. This may in-
crease the amount of residual H i within the galaxy and perhaps
more naturally reproduce the observed velocity offset. One might
consider adding a layer of complexity with semi-analytic prescrip-
tions within our one-dimensional models, e.g. self-shielding clouds
or low column density holes. However such alterations would
no longer be hydrodynamically self-consistent. Although three-
dimensional hydrodynamical simulations exist they do not incorpo-
rate fully-coupled Lyα feedback. Post-processing studies of Lyα ra-
diative transfer in similar contexts provides insight about the impact
of three-dimensional effects (Dijkstra & Kramer 2012; Behrens
et al. 2014; Duval et al. 2014; Zheng & Wallace 2014; Smith et al.
2015). Lyα observables are certainly affected by viewing angle
with higher equivalent widths, escape fractions, and line-of-sight
fluxes for face-on inclinations than edge-on directions, e.g. due to
the formation of a disk or jet. Three-dimensional simulations also
demonstrate the importance of small-scale structure in the interstel-
lar medium. Both of these effects could change the He ii/Lyα line
ratio by a factor of a few. Additional uncertainties in the galaxy
model parameters and initial conditions may produce different ob-
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servables. For example, Lyα feedback and radiative transfer ob-
servables may be affected by altering the gas density profile. Our
choice of an isothermal profile is an idealized setup that may affect
the early gas dynamics but matters less as the system evolves, espe-
cially in relation to the expanding shell. Our model uncertainties are
likely dominated by our overall assumption of a one-dimensional
geometry as opposed to the details of this one-dimensional profile.
Still, in the context of the CR7 galaxy the assumption of spheri-
cal symmetry ought to provide a qualitatively correct, first-order,
prediction of the Lyα signature.
4 SUMMARY AND CONCLUSIONS
Lyα emitting sources provide intriguing hints about the formation
and evolution of galaxies in the high-redshift universe. The CR7
source at z ≈ 6.6 presents a unique opportunity in this regard due
to its exceptionally bright Lyα and He ii 1640 Å line emission but
absence of metal lines. Previous investigations have considered the
possibility that we are witnessing a young primordial starburst or
direct collapse black hole. In this work we examine the connection
between the emission source and Lyα observables. Specifically, So-
bral et al. (2015) report a +160 km s−1 velocity offset between the
Lyα and He ii line peaks which we self-consistently reproduce in
one-dimensional radiation-hydrodynamics simulations. Our simu-
lations represent the first hydrodynamical study incorporating ac-
curate Monte-Carlo radiative transfer calculations of Lyα radiation
pressure. The CR7 galaxy is an ideal application as it allows direct
comparison with current observations.
In this pristine environment the dominant physical processes
are gravity, hydrodynamical gas pressure, and radiative feedback
from Lyα photons as well as the thermal and chemical coupling
of ionizing radiation. The source ionizes its own local bubble and
drives an expanding shell of gas from the centre. The details de-
pend on the properties of the source spectrum which we categorize
as either a Pop III star cluster with 105 K blackbody emission or
a massive black hole with a nonthermal Compton-thick spectrum.
Our results may be summarized as follows:
(1) The MBH model results in greater photon trapping within the
shell because the harder spectrum reduces the average ionization
cross-section for hydrogen yielding extra residual H i.
(2) The extent of the Lyα emitting region is correlated with the
shell radius implying a likely source lifetime of 10 − 100 Myr.
(3) The MBH model reproduces the +160 km s−1 velocity offset
and the 16 kpc region size while the Pop III model does not.
We emphasize that these models represent a particular choice for
the spectral energy distribution and should be viewed as such.
Nonetheless, our results provide evidence corroborating a direct
collapse black hole scenario. Indeed, we have presented indepen-
dent and complementary evidence that CR7 hosts a DCBH, next to
arguments based on metal enrichment which assesses the likelihood
of forming Pop III stars around z ≈ 6.6 in massive host systems
(e.g. Hartwig et al. 2015). It is known that a strong background of
Lyman-Werner radiation is able to suppress star formation until the
buildup of atomic cooling haloes, i.e. systems with virial temper-
ature Tvir & 104 K such that Lyα cooling is enabled (e.g. Haiman
et al. 1997). Furthermore, Visbal et al. (2016) demonstrate that if
local reionization occurs early enough and with sufficient ionizing
flux the photoheated gas around a Mvir ∼ 109 M halo with star-
free progenitors has a cosmological Jeans mass that is comparably
large. In such cases the metal enrichment is considerably delayed
and potentially results in a rapid Pop III starburst with Lyα lumi-
nosity comparable to that of CR7. However, the Lyα signatures are
still more easily explained by the DCBH scenario.
Finally, we briefly discuss additional observational signatures
that may distinguish a DCBH from a Pop III starburst. The for-
mation of a DCBH is likely to generate rapid rotation, producing
a jet. However, CR7 was not detected in the Chandra COSMOS
Survey so its X-ray luminosity in the energy range 0.2 − 10 keV
is below 1044 erg s−1 (Elvis et al. 2009). This is not surprising be-
cause such a large flux would indicate the jet is pointing directly
towards us. At other angles the low disk temperature, high-z sup-
pression factor, and absorption in the Milky Way imply an even
lower observed flux (Hartwig et al. 2015), pushing the limits of
even next-generation X-ray observatories, such as the X-ray Sur-
veyor (Weisskopf et al. 2015). On the other hand, a detection of
radio emission would also provide strong evidence for the presence
of a massive black hole. Future improved simulations are likely to
further elucidate the nature of the remarkable CR7 source, allowing
more robust predictions for its multi-wavelength signature.
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